BiFeO 3 (BFO) is the most investigated multiferroic oxide because of the coexistence of ferroelectricity and antiferromagnetism at room temperature. Recently, the c axis elongated BFO thin films have been discovered as the first large c/a ratio perovskite that shows intrinsic ferroelectric property. 1 In the earlier literatures, this phase is named as tetragonal phase (T phase). 2 Later, it is found that the real symmetry of T phase is monoclinic. 3, 4 Furthermore, the so called bulk-like BFO thin films are also monoclinically distorted rhombohedral. 4, 5 Therefore in this letter, we use the R-like phase to represent the bulk-like BFO and the T-like phase to represent the c axis elongated phase. 4 Although large polarizations are predicted for larger c/a ratio PbVO 3 and BiCoO 3 through first principles calculations, 6 only in BFO, ferroelectric polarizations have been observed. T-like phase BFO has shown many useful characteristics. Recently, giant polarization values (150 μc/cm 2 ) have been observed in T-like BFO thin films as predicted by firstly principle calculations. 1 Large electric mechanical effects (5%) have been observed in mixed phase (T-like and R-like phase) BFO thin films. 7 Furthermore, the reduced Neel temperature (350 K) adds more flexibility in the control of magnetic degree of freedom. 8 Although the c lattice elongated BFO have shown superior property comparing with the R-like phase, the growth dynamics are still not fully understood. The c lattice elongated samples were initially fabricated through high temperature and high pressure methods. [9] [10] [11] Later, it was found that this phase can be stabilized through strains from the substrate, similar to the conditions in PbVO 3 and BFO. 1 In the case of BFO, the T-like phase was believed to be induced by the smaller in-plane mismatch between T-like phase BFO (a,b ∼ 3.7 Å) and LAO (a ∼ 3.79 Å). 2 We noticed that most of the growing conditions of the T-like BFO are at temperatures higher than 680 • C. 1, 3, 7, 12-15 As the thickness increases, R-like phase will begin to appear because of the strain relaxations and then mixed phased BFO are formed. Most of the works focusing on high quality films shows mixed phase area integrated in flat T like phase. Because of the relative small surface roughness, the AFM topographs show clearly the saw-tooth like morphology of the mixed phase area. On the other hand, it was reported in a recent papers that large growth rate can induce the T-like phase transition in a Wang Lan, wanglan@ntu.edu.sg epitaxial BiFeO 3 thin films and form mixed phase BFO on STO (001) substrate. 14, 16 These works indicate another mechanism to provide the strains which is necessary for the growth of T-like phase. If the growth rate can change the growth mode to island growth, and thus cause the formation of T-like phase, the decrease of deposition temperature should also have the same effect. This might be another strategy in the growth of c elongated T-like phase.
In this letter, we report the fabrication of T-like BFO on STO (001) substrate. The relative ratio of T-like to R-like phase can be adjusted through control of substrate temperature. It is proved that the strains needed to form the T-like phase can be provided purely through island growth.
Epitaxial BiFeO 3 (BFO) thin films on both STO (001) and LAO (001) substrate were fabricated at different temperatures with Bi deficient target. The mole ratio of Bi and Fe in the target is 0.8. The deposition rate of BFO films were kept at 50 nm/hour with radio frequency (RF)-sputtering power at 30 W. The thicknesses of the BFO thin films are about 50 nm for all samples. The growing temperature of BFO films varies from 600 • C to 740 • C. The mole ratio of Bi and Fe are characterized with energy dispersion spectroscopy (EDS). The crystalline structures are characterized by high resolution x-ray diffraction reciprocal space mapping (RSM) (Rigaku, λ = 1.5406 Å). The RSM graphs are presented in omega and 2theta. Figure 1 shows the (002) RSM of BFO films grown at substrate temperatures of 600 • C (a), 620 • C (b), 640 • C (c) and 680 • C (d). For the 680 • C sample, the BFO film exhibits only one peak near 45 degree in 2 theta scale. This is attributed to the R-like BFO phase which is indicated in Figure 1 (b)-1(d). As the temperature decreases, the distribution of the peak shrink dramatically in omega scale and another peak at around 39 degree begins to appear. This corresponds to the c axis elongated phase (T-like phase) with a much longer out of plane lattice constant, as shown in Figure 1 (a)-1(c). The peak intensity of the R-like phase decrease with lowing the growth temperatures and only T-like phase BFO is obtained at substrate temperature of 600 • C. It is noticed from the RSM results that, with the formation of the T-like phase at lower temperature, the distributions of the R phase in omega scale decrease dramatically, from about two degree at 680 • C to about 0.4 degree at 620 • C. Similarly, the c elongated phase shows a distribution of about two degree at higher temperatures in omega scale. As temperature decreases the distribution for this phase also decreases dramatically which indicates a much better epitaxial growth. Figure 2(a) shows the high resolution X-ray diffraction (HRXRD) 2θ -ω scan of the above mentioned thin films. The results show that the relative ratios of the T-like phase and the R-like phase change continuously with temperature. At 680 • C, only R-like phase was observed. As temperatures decrease, the amount of T-like phase increases gradually while the R-like phase decreases. The thin film becomes completely T-like phase at 600 • C. The Full width at half maximum (FWHM) of the R-like phase in the sample grown at 640 • C is only 0.2 degree. All these results indicate that the large growth rate may be not a necessity for the T-like phase formation on STO substrate. Careful adjustment of growing parameter can lead to the growth of T-like BFO on STO substrate with improved crystalline quality.
It is well known that the formation of T-like phase is a strain induced process, [17] [18] [19] [20] but it is still not very clear whether the strain comes from the substrate lattice, the island growth or both of them. In order to clarify these effects of the two mechanisms, we have grown BFO samples on LAO (001) substrates at different temperatures as on STO substrates. As a comparison, Figure 2 Figure 3 . It is clear that as the temperature decrease from 740 • C to 600 • C, the BFO growth on STO (001) substrate change from the R like phase dominated to T like phase dominated area.
The difference on the two substrates can be explained if two independent source of strain are supposed. As mentioned in the literature, 14 the large growth rate may induce a high strain state during the growth process because the landing of newly sputtered atoms is much faster than the diffusion of adatoms. While increasing of the growth rate will increase the amount of atoms landing on the substrate, lowering the temperature will decrease the diffusion of atoms. Both factors will cause high strain state during the thin film growth. At a certain combination of temperature and growth rate, T-like phase BFO can be fabricated even on STO substrate. At high temperature, only LAO can induce the T-like phase because of the lower in-plane lattice mismatch between LAO and T-like phase BFO. Similarly, it is also explained as the large compressive strain caused by the large mismatch between LAO and R-like phase. On the contrary, STO have a much larger lattice mismatch with T-like phase than with R-like phase and the strain caused by the island growth is greatly reduced at high temperature. Therefore, only R-like phase are obtained at high temperatures. However, at lower temperatures, the island growth caused strain can also induce the T-like phase on STO substrate independently. The strains are released through the formation of T-like phase, possibly this is the reason we get improved crystalline quality at lower temperature.
It is well known that the mole ratio of Bi/Fe may vary with growing temperature. 21, 22 In order to exclude the effects from composition variation, we measured the EDS for samples grown on STO substrate. The results indicate that the relative mole ratios of Bi/Fe are unit comparing with the stoichiometrically standard bulk BiFeO 3 sample and are independent of growing temperature. This is consistent with the HRXRD results, as there is no impurity phase observed for different temperatures between 600 • C and 680 • C.
In order to further validate our speculations on the growth mode and to verify the ferroelectric nature of these samples, we measured Atomic Force Microscopy (AFM) and Piezoresponse Force Microscopy (PFM) on the samples grown on STO substrates, as shown in Figure 4 . The AFM results indicate that the growth mode is islands growth where grains are formed all over the surface. The roughnesses of these samples decrease with increasing temperature until 660 • C. At 660 • C the grains size increases and begins to form blocks that tend to point at certain directions. This indicates that the growth mode begin to change. Because of the higher diffusion rate of the atoms at higher temperatures (e.g. 620 • C), the strain caused by the island growth become smaller, and at some point of the substrate, the strain is not large enough to form the T-like phase. Therefore, R-like phase begin to appear and the amount of R-like phase increase with increasing temperatures. At 680 • C only Rlike peak is observed, as shown in Figure 2 (a). We further increased the substrate temperatures and much smoother surface is observed at 740 • C, (the partial pressure is adjusted for the sample grown at 740 • C in order to get BFO thin films with the same Bi/Fe mole ratio) as shown in Figure 4 (k). The roughness of this sample reaches below 1 nm. The HRXRD results of this sample are also shown in Figure 2(a) with an FWHM of 0.16 degree. The PFM results show obvious polarization contrast which indicates the ferroelectric character of these samples. We also repeated the growth on different temperatures and STO substrate, it turn out that the results can be repeated quite well. It is noticed that Liu et al. have attributed the similar T-like phase BFO on STO substrate to be induced by the Bi oxide which can be characterized by obvious Bi oxide peaks from HRXRD results. 23 However, our results comparing with growth on LAO suggested that with the same sample growing conditions the island growth itself can induce the T-like phase BFO on STO.
In conclusion, mixed phase BFO thin films are obtained on STO (001) substrate through controlling of substrate temperature. Almost pure T-like phase are fabricated on STO substrate at 600 • C. Two independent ways of inducing T-like phase are confirmed. While both ways are through the effects of strain, the first one is through the large strain caused by the large in plane lattice mismatch between LAO and R-like phase or the well match between LAO T-like phase. The other one is the island growth induced strain which may be a promising method to induce the c axis elongated BFO and provides more flexibility in tuning the ratio of R-like BFO to T-like phase BFO.
